The proinflammatory cytokine interleukin-1b (IL-1b) may be involved in several ovulation-associated events, such as protease synthesis, prostaglandin production, and steroidogenesis in granulosa cells. However, the exact effect of IL-1b on progesterone synthesis in granulosa cells and the underlying mechanism remain unclear. By using cultured granulosa-lutein cells collected from women undergoing in vitro fertilization or intracytoplasmic sperm injection, we found that IL-1b upregulated steroidogenic acute regulatory protein (StAR) expression and progesterone synthesis in granulosa-lutein cells, which was comparable with luteinizing hormone effect and could be abolished by an IL-1 receptor antagonist. Moreover, IL-1b activated the phosphorylation of cyclic adenosine monophosphate response element-binding protein (CREB), and knockdown of CREB attenuated the induction of StAR expression and progesterone synthesis by IL-1b in granulosa-lutein cells. Furthermore, IL-1b activated the extracellular signal-regulated kinase (ERK)1/2 and p38 pathways and inhibition of the ERK1/2 and p38 pathways attenuated the IL-1b-induced phosphorylation of CREB, StAR expression, and progesterone synthesis in granulosa-lutein cells. In conclusion, IL-1b could upregulate StAR expression and stimulate progesterone biosynthesis through increase in CREB phosphorylation via activating the ERK1/2 and p38 pathways in human granulosa-lutein cells. (Endocrinology 158: 3281-3291, 2017) 
I
t is well known that during ovulation, luteinizing hormone (LH) stimulates granulosa cells to produce progesterone (P 4 ), which plays an important role in maintaining female reproductive functions such as normal menstruation and successful pregnancy (1) . Moreover, cytokines such as interleukin-1b (IL-1b) that are produced in the ovary accumulate in the ovarian follicular fluid during ovulation (2) (3) (4) (5) , suggesting its role in ovulation and steroidogenesis (6, 7) . Although many studies have confirmed that IL-1b is involved in ovulation, the effect and mechanism of its action on P 4 production in the ovary, especially in the granulosa cells, remain controversial (8) (9) (10) .
In the ovary, the biological activity of IL-1b could partially result from local production by ovarian cells at the time of ovulation (11) . Previous studies demonstrated that IL-1b was produced not only by the resident ovarian macrophages but also by the granulosa cells (2) . In addition, the local accumulation of IL-1b in the follicular fluid may have multiple effects on granulosa cells, especially on P 4 synthesis. Chen et al. (8) demonstrated that IL-1b increased basal but not LH-dependent P 4 production in human granulosa-lutein (hGL) cells. However, several investigators supported the idea that IL-1b inhibited P 4 synthesis and this effect might be related to the coexistence of white blood cells (WBCs) in hGL cells they obtained (9, 12) . Despite evidence for a role of IL-1b in P 4 synthesis in granulosa cells, whether its exact effect on P 4 synthesis is related to a coeffect with WBCs is still unknown. Therefore, the specific effect of IL-1b alone on hGL cells without contamination by WBCs needs to be further investigated.
It is well known that P 4 is converted from cholesterol by a series of enzymes. First steroidogenic acute regulatory protein (StAR) transports cholesterol, the substrate for steroid biosynthesis, from the outer membrane of mitochondria to the inner membrane (13) . Once transported, the cholesterol is converted into pregnenolone by P450 side-chain cleavage enzyme (P450scc) (14) and subsequently catalyzed to P 4 by 3b-hydroxysteroid dehydrogenase (3b-HSD) (15) .To our knowledge, there currently is little investigation of IL-1b's effect on StAR and steroidogenic enzyme expression in hGL cells. Thus, to explore the specific effect of IL-1b on P 4 synthesis, we focused our attention on this phenomenon.
The cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) signaling pathway is the most well-defined mechanism for regulating StAR expression in the ovary (16, 17) . The cAMP regulatory element-binding protein (CREB), one of the major transcription factors activating StAR transcription, is downstream of PKA and can be phosphorylated at Ser 133 (18) . Thus, we set out to investigate the effect of IL-1b on CREB phosphorylation to determine the regulatory mechanism of IL-1b on StAR expression. Mitogen-activated protein kinase (MAPK) signaling pathways, which include the extracellular signal regulated-kinases (ERK) 1/2, the Jun N-terminal kinases (JNKs), and p38, was previously reported to mediate StAR expression in the granulosa cells, and the MAPK pathway is also one of the major pathways that mediate IL-1b-induced intracellular signaling transduction (19) (20) (21) . Therefore, the effect of MAPK signaling pathways on the StAR expression and P 4 production in hGL cells needs further research.
Materials and Methods

Recruitment of patients
Ovarian granulosa cells were collected from patients who underwent in vitro fertilization (IVF) or intracytoplasmic sperm injection at the Center of Reproductive Medicine, Renji Hospital, School of Medicine, Shanghai Jiaotong University, under a protocol approved by the Ethics Committee of Renji Hospital with informed consent. Only women with tubal factorand/or male factor-related infertility participated in this study.
Isolation and culture of primary hGL cells
Ovarian stimulation and oocyte retrieval were performed under common protocols used in our reproductive center. After adequate follicle development, human chorionic gonadotropin (Lvzhu) was administered to trigger ovulation. After oocyte retrieval, the hGL cells were collected and purified as described previously (22) . In brief, the pellets were purified by density centrifugation with Ficoll-Paque (GE Healthcare Bio-Sciences) and then digested in hyaluronidase (Sigma) at 37°C for 7 minutes. The cells were then cultured in Dulbecco's modified Eagle medium /Ham's F12 with 10% fetal bovine serum (Gibco), 100 U/mL penicillin (Invitrogen, Life Technologies), and 100 mg/mL streptomycin sulfate (Invitrogen, Life Technologies). The viable cells were seeded at 7 
Immunofluorescence staining
On the third day of culture, the cells in the chamber slide (BD Biosciences) were fixed with 4% paraformaldehyde and then permeabilized with 0.4% Triton X-100. After washing, the cells were blocked with normal goat serum (Proteintech) for 1 hour and then incubated with antibodies against FSHR (1:50; Santa Cruz Biotechnology) and CD45 (1:200; Cell Signaling) overnight at 4°C. After washing with phosphate-buffered saline, Alexa Fluor 594 goat anti-mouse immunoglobulin G (red; 1:200; Proteintech) and Alexa Fluor 488 goat anti-rabbit immunoglobulin G (green; 1:200; Proteintech) were used as secondary antibodies and the cells were incubated in darkness for 2 hours. The nuclei were counterstained with 4 0 , 6 0 -diamidino-2-phenylindole (blue). The staining was examined using a fluorescence microscope (Zeiss).
Treatment of cultured hGL cells
Three days after culture, the cells were seeded in phenol red and serum-free medium. The effects of IL-1b on P 4 production and StAR, P450scc, 3b-HSD expression were studied by incubating different doses of IL-1b (0 to 10 ng/mL; Sigma) with or without IL-1 receptor antagonist (IL-1Ra; 100 ng/mL; Sigma) for 24 hours. To compare the effects of IL-1b and LH on P 4 production and StAR expression, the cells were treated with IL1b (10 ng/mL) or LH (100 IU/L) for 24 hours. To study the role of CREB in the regulation of P 4 production and StAR abundance induced by IL-1b or LH, the cells were treated with IL-1b (10 ng/mL) or LH (100 IU/L) in the presence or absence of small interfering RNA (siRNA)-mediated knockdown of CREB for 24 hours. The process of siRNA transfection is described later in Methods.To detect whether CREB, PKA, and MAPK signaling pathways were activated by IL-1b, the cells were incubated with IL-1b (10 ng/mL) for 0.5, 1, 3, and 6 hours for CREB; 10, 20, and 30 minutes for the PKA pathway; and 5, 10, 20, 30, and 60 minutes for the MAPK pathway, respectively. To determine the effects of IL-1b and LH on the CREB phosphorylation, the cells were treated with IL-1b (10 ng/mL) and LH (100 IU/L) for 30 minutes. To determine whether the PKA and MAPK signaling pathways were involved in the IL-1b-induced phosphorylation of CREB, the cells were pretreated with or without adenylate cyclase inhibitor SQ22536 (10 mM; Sigma), PKA inhibitor H89 (10 mM; Beyotime), ERK1/2 inhibitor PD98059 (20 mM; Selleck Chemicals), p38 inhibitor SB203580 (10 mM; Selleck Chemicals), and JNK inhibitor SP600125 (10 mM; Selleck Chemicals) for 30 minutes before IL-1b (10 ng/mL) treatment for 30 minutes. To further investigate the involvement of MAPK signaling pathways in IL-1b-induced P 4 production and StAR abundance, the cells were preincubated with or without ERK1/2 inhibitor PD98059 (20 mM), p38 inhibitor SB203580 (10 mM), and JNK inhibitor SP600125 (10 mM) for 30 minutes before IL1b (10 ng/mL) treatment for 24 hours.
Reverse transcription and real-time quantitative polymerase chain reaction
Total RNA was extracted from cultured primary hGL cells using a total RNA isolation kit (Foregene) and quantified using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific). RNA (500 ng) was reverse transcribed to complementary DNA using the PrimeScipt RT Master Mix Perfect Real-Time Kit (TaKaRa Bio). The primer (Sangon) sequences for StAR, CYP11A1, HSD3B2, LH receptor (LHR), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are listed in Table 1 . The polymerase chain reaction (PCR) products were electrophoresed and the gel image was photographed.
Western blot analysis
Total protein was extracted using ice-cold radioimmunoprecipitation assay lysis buffer (Cwbio) containing a phosphatase inhibitor and a protease inhibitor cocktail (both from Roche). Protein (40 mg) from each sample was electrophoresed in a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and then transferred onto a nitrocellulose blot. After 1 hour of blocking with 5% nonfat milk, the blot was incubated overnight at 4°C with antibodies against StAR ; 1:1000), and total JNK (1:1000). On the second day, the blot was washed and then incubated with the respective secondary antibody conjugated to horseradish peroxidase (Sigma) for 1 hour.An enhanced chemiluminescent detection system (Millipore) was used to detect the bands with peroxidase activity. A G-Box iChemi Chemiluminescence image capture system (Syngene) was used to visualize the bands. The same blot was also probed with GAPDH (1:1000; Santa Cruz Biotechnology) or a-tubulin (1:1000; Proteintech) as internal controls.
Measurement of P 4
The cell culture medium collected from the different treatments of cultured hGL cells was used to assess the P 4 production. The medium was diluted (1:200) and then the P 4 was measured using the electrochemiluminescence immunoassay kit (Roche) according to the manufacturer's protocol.
Measurement of the intracellular cAMP concentration in hGL cells
The hGL cells were treated with IL-1b (10 ng/mL) for 10, 20, and 30 minutes in serum-free media in the presence of phosphodiesterase inhibitor 3-isobutyl-1-methyl xanthine (500 mM; Sigma). The intracellular cAMP level was measured using an enzyme immunoassay kit (Cayman), following the manufacturer's protocol.
siRNA transfection
The hGL cells were mixed with 50 nM siRNA (GenePharma) against CREB (5 0 -GCAGACAGUUCAAGUCCAUTT-3 0 ) or randomly scrambled siRNA as a negative control in Opti-MEM (Invitrogen) in 2-mm gap cuvettes. The cells were electroporated at 175 V for 5 ms using an NEPA21 electroporator (Nepa Gene). After dilution with Dulbecco's modified Eagle medium/F12 containing 10% fetal bovine serum and antibiotics, the cells were transferred to a six-well culture plate and were ready for treatment after 3 days of incubation. The efficiency of knockdown for each target was assessed by Western blot.
Statistical analysis
The data were presented as the mean 6 standard error of the mean. After the examination of normal distribution, one-way analysis of variance followed by a Student-Newman-Keuls test 
Results
Cultured hGL cells' purity
Immunofluorescence staining showed the cultured hGL cells were FSHR positive but CD45 negative (Fig. 1) , indicating that the model cells used in this study were not contaminated with WBCs.
Effects of IL-1b and LH on P 4 production and StAR, P450scc, 3b-HSD expression in hGL cells
After treating the cultured hGL cells with recombinant human IL-1b (0.1, 1, and 10 ng/mL) for 24 hours, IL-1b could not only increase P 4 production but also upregulate StAR mRNA and protein expression in a concentrationdependent manner, with a significant induction at $10 ng/mL [ Fig. 2 Because LH is a well-known factor to stimulate StAR expression and P 4 synthesis, we also compared the effects of IL-1b and LH on StAR expression and P 4 production in the primary cultured hGL cells. PCR results showed that the LH receptor was expressed in hGL cells aspirated during IVF treatment [ Fig. 2(k) ], and treatment of the cells with LH (100 IU/L, 24 hours) and IL-1b (10 ng/mL, 24 hours) had a similar effect on P 4 production [ Fig. 2(l) ] and StAR expression [ Fig. 2(m) and 2(n) ]. Moreover, there was no synergistic effect of IL-1b and LH on P 4 production [ Fig. 2(l) ] and StAR expression [ Fig. 2(m) and 2(n) ].
Involvement of CREB in the induction of StAR expression and P 4 production by IL-1b and LH in hGL cells
Treating the cultured hGL cells with IL-1b (10 ng/mL) significantly induced the phosphorylation of CREB at Ser 133 at 0.5 hours [ Fig. 3(a) ]. The CREB protein was reduced to 25% after siRNA-mediated knockdown of CREB in hGL cells [ Fig. 3(b) ]. In addition, the knockdown of CREB could completely block the IL-1b-induced StAR expression [10 ng/mL IL-1b, 24 hours; 
Roles of MAPK pathways in the phosphorylation of CREB in hGL cells exposed to IL-1b
The intracellular cAMP levels in hGL cells showed little change after IL-1b (10 ng/mL) stimulation for 10, 20, and 30 minutes [ Fig. 4(a) ]. In addition, PKA inhibitor H89 (10 mM) and adenylate cyclase inhibitor SQ22536 (10 mM) could not block the IL-1b-induced phosphorylation of CREB at Ser Fig. 4(f) ]. These results demonstrated that the increase in the phosphorylation of CREB by IL-1b was mediated by the ERK1/2 and p38 pathways but likely not by the PKA or JNK pathways in hGL cells.
Roles of MAPK pathways in the upregulation of StAR expression and P 4 production in hGL cells exposed to IL-1b
Moreover, the p38 inhibitor SB203580, the ERK1/2 inhibitor PD98059, and the JNK inhibitor SP600125 significantly reversed IL-1b-induced StAR mRNA (10 ng/mL IL-1b, 24 hours) [ Fig. 5(a-c) ], StAR protein [ Fig. 5(d-f) ], and P 4 production [ Fig. 5(g-i) ]. These results indicated that the p38, ERK1/2, and JNK pathways all were involved in the upregulation of StAR and P 4 production in hGL cells.
Discussion
In this study, we provided evidence that IL-1b could stimulate P 4 production by upregulating StAR expression Ovulation is a complex process that is initiated by an LH surge and controlled by the temporal and spatial expression of specific genes. IL-1b, a proinflammatory cytokine that increases in human follicular fluid as the follicle nears rupture (2, 5) , is considered to play a crucial role in ovulation. In addition, many studies have demonstrated that IL-1b might stimulate prostaglandin E 2 , prostaglandin F 2a , and nitric oxide production in granulosa cells to mediate the inflammatory-linked process of ovulation (6) . Moreover, numerous studies focused on the effect of IL-1b on steroidogenesis in granulosa cells in various species. In our study, we found that IL-1b could induce P 4 production in hGL cells, further confirming the crucial role of IL-1b in the process of ovulation through the increase in P 4 production in hGL cells.
However, there has been no consensus on the effect of IL1b on P 4 production in granulosa cells in different species. In this study, we observed that IL-1b induced StAR expression and P 4 synthesis in hGL cells. These results agreed with some previous reports that IL-1b increased P 4 production in cattle and human granulosa cells (8, 23) . In contrast, many studies demonstrated that IL-1b could inhibit P 4 production in some species, including rabbit, porcine, and rat (24) (25) (26) . We believe the discrepancy of IL-1b effect may be due to the differences in species and maturation status of granulosa cells (8) . Notably, several investigators discovered that IL1b exerted an antigonadotropic effect on human chorionic gonadotropin -stimulated P 4 synthesis in the presence of WBCs (9, 12) . To eliminate the effect of WBCs in hGL cells, we used immunofluorescence staining and verified there was no WBC contamination in the cultured hGL cells we obtained, which confirmed that WBCs were not involved in the induction of P 4 production by IL-1b in this study. Furthermore, we demonstrated that the expression of StAR was tightly coupled to changes in P 4 production in our experiments, whereas corresponding effects were not observed for the P450scc and 3b-HSD expression. We think P450scc and 3b-HSD expression in the granulosa cells we obtained from women undergoing IVF treatment were already primed for P 4 production, which was different from StAR protein, the rate-limiting step in our study model (27) .
LH is a well-known factor to stimulate StAR expression and P 4 synthesis in hGL cells, and our results identified that IL-1b had a similar effect as LH in stimulating StAR expression and P 4 synthesis. However, there was no synergistic effect of IL-1b and LH on P 4 production and StAR expression in hGL cells. Previous studies demonstrated the phosphorylated CREB by PKA pathway is an important transcription factor in LH-regulated StAR expression (28) (29) (30) (31) . In addition to LH, we also found that CREB phosphorylation is involved in the regulation of StAR expression and P 4 synthesis by IL1b. Interestingly, consistent with StAR expression and P 4 production, both IL-1b and LH could stimulate the phosphorylation of CREB, but there was no synergistic effect of IL1b and LH in hGL cells. We speculate that the induction of CREB phosphorylation by LH or IL-1b was maximal and saturated, and, therefore, the combination effects of LH and IL-1b could not be observed in our study.
Although cAMP/PKA is the classic pathway for the phosphorylation of CREB, the PKA signaling pathway was found not to be activated by IL-1b: The intracellular cAMP levels did not increase upon IL-1b stimulation in this study. Moreover, the pharmacological inhibitors of the PKA pathway, PKA inhibitor H89 and adenylate cyclase inhibitor SQ22536, had no effect on the IL-1b-induced phosphorylation of CREB. Thus, we assumed that IL-1b may activate CREB in a noncanonical pathway instead of the cAMP/PKA pathway. Many studies have made it clear that the MAPK pathways, such as ERK1/2, p38, and JNK, exhibit pivotal roles in the phosphorylation of CREB as well as StAR expression and steroidogenesis in many cell types (19, 20, (32) (33) (34) (35) (36) . In this study, we demonstrated that IL-1b could activate the ERK1/2, p38, and JNK MAPK signaling pathways, and inhibitors of these pathways attenuated the IL-1b-induced StAR expression and P 4 production in hGL Appendix. Antibody Table   Peptide cells. However, we found that the ERK1/2 and p38, but not JNK, MAPK signaling pathways, were involved in the IL1b-induced phosphorylation of CREB, indicating the phosphorylation of CREB mediated the effect of the ERK1/ 2 and p38 but not JNK pathways. It is well known that the activation of JNK usually induces the phosphorylation of c-Jun, and previous studies suggested that c-Jun could regulate the expression of StAR and steroidogenesis through transactivation of other transcription factors such as Nur77 (37) and SF-1 (12) . Therefore, we postulate the JNK signaling pathway might stimulate StAR expression through activating c-Jun but not through CREB in hGL cells.
In conclusion, our study demonstrated that IL-1b stimulated P 4 production by upregulating StAR expression in hGL cells. Additional molecular mechanism study found the IL-1b-induced StAR expression is mediated by the phosphorylation of CREB via activating the ERK1/2 and p38 MAPK signaling pathways in hGL cells. Our study characterized the functions of IL-1b in the regulation of P 4 production in hGL cells and provided an important insight into the molecular mechanisms of the IL-1b-induced StAR expression and P 4 production.
